Stomatal oscillations have long been disregarded in the literature despite the fact that the phenomenon has been described for a variety of plant species. This study aims to characterize the occurrence of oscillations in olive trees (Olea europaea L.) under different growing conditions and its methodological implications. Three experiments with young potted olives and one with large field-grown trees were performed. Sap flow measurements were always used to monitor the occurrence of oscillations, with additional determinations of trunk diameter variations and leaf-level stomatal conductance, photosynthesis and water potential also conducted in some cases. Strong oscillations with periods of 30-60 min were generally observed for young trees, while large field trees rarely showed significant oscillations. Severe water stress led to the disappearance of oscillations, but moderate water deficits occasionally promoted them. Simultaneous oscillations were also found for leaf stomatal conductance, leaf photosynthesis and trunk diameter, with the former presenting the highest amplitudes. The strong oscillations found in young potted olive trees preclude the use of infrequent measurements of stomatal conductance and related variables to characterize differences between trees of different cultivars or subjected to different experimental treatments. Under these circumstances, our results suggest that reliable estimates could be obtained using measurement intervals below 15 min.
Introduction
Sustained cyclic oscillations in stomatal conductance and transpiration have long been observed for many species, mostly at the leaf scale after some environmental perturbation (Barrs 1971 , McBurney and Costigan 1984 , Kaiser and Paoletti 2014 , but a few studies have also reported oscillations for whole plants and trees under natural conditions (e.g., Elias 1979 , Hirose et al. 1994 , Dzikiti et al. 2007 ). Stomatal oscillations with periods of 10-70 min have been typically associated with control of plant-water status, although the mechanisms leading to the oscillations are not fully understood (Barrs 1971 , Steppe et al. 2006 . The existence of oscillations has important implications when experimental measurements of stomatal conductance or related variables (e.g., leaf water potential, sap flow, canopy temperature) are performed. On one hand, sampling intervals should be well below the oscillation period in order to avoid misleading results. On the other, it may be impossible to compare individual plants (e.g., from different genotypes) by infrequent measurements if the plants are not perfectly synchronized. The latter presents a daunting challenge for water relations studies, as instantaneous experimental measurements (e.g., at noon) are frequently used to characterize differences in water status or stomatal conductance between treatments, and the same concern applies to remote determinations of canopy temperature aimed to assess water status (e.g., Crop Water Stress Index, Jackson et al. 1981) . In this regard, researchers should test for the occurrence of oscillations before attempting low-frequency physiological measurements of water statusrelated variables, as suggested by Rose and Rose (1994) . Despite these important implications, we still ignore whether oscillations occur under natural growing conditions for most species. Furthermore, since the first reports of oscillations in the field (Levy and Kauffman 1976) and the great interest shown during the 1970s, subsequent literature has basically ignored the possible existence of the phenomenon.
There is a certain consensus on the fact that oscillations result from instability in the negative feedback loops that control stomatal opening through leaf water status (Barrs 1971) and that xylem water potential acts as the signal to synchronize the different leaves of the plant (Marenco et al. 2006) . The control of water loss in plants is performed by stomatal opening, which is proportional to the difference in turgor between guard and epidermal (or mesophyll) cells. In this regard, Franks et al. (1998) found that the same pressure in the guard cells can lead to different stomatal apertures depending on the pressure of epidermal cells. An increase in transpiration reduces turgor in both guard and epidermal cells, which increases stomatal aperture due to the mechanical advantage of the epidermis (DeMichele and Sharpe 1973) . This positive feedback response is counterbalanced by the loss of turgor in the guard cell, which promotes stomatal closure (negative feedback). In addition, active mechanisms may change osmotic potential differences between guard and mesophyll cells, which may contribute to accelerate or decelerate stomatal movements (Buckley et al. 2003) . The existence of positive and negative feedbacks in the control system makes it unstable or stable depending on conditions.
According to models (e.g., Cowan 1972 ) and experimental evidence (Farquhar and Cowan 1974 ) the probability of oscillations at the leaf scale is proportional to the environmental gain (G), which can be defined as the variation of transpiration per unit change in stomatal conductance:
Where E is the transpiration rate, g s is stomatal conductance, Δχ is the difference in absolute humidity between the substomatal cavities and the atmosphere and g b is the boundary-layer conductance. According to Eq. (1), high G will be attained under high Δχ (i.e., high vapour pressure deficit), and low stomatal conductance. However, predicting when oscillations will occur at the plant scale is more complicated, as many other factors are involved. For instance, changes in xylem water potential depend on the water storage capacity and the rates of transpiration and water uptake. A large storage capacity should slow down the variation in water potential when an imbalance between transpiration and uptake occurs, making oscillations less pronounced. Therefore, the characteristics of each plant may dictate its oscillatory behaviour. Unfortunately, most experiments showing oscillations in the field have only shown data for a single plant (e.g., Steppe et al. 2006) or for few days (e.g., Dzikiti et al. 2007) and provide no information on the comparison between different trees or different treatments (e.g., water supply). Besides that, the model of Cowan (1972) suggests that, under the same environmental conditions, oscillations are more likely when root hydraulic resistance is high. This prediction supports some experimental evidence (Barrs and Klepper 1968) indicating that moderate water deficits might favour oscillations, albeit this issue has not been properly explored yet.
Olive orchards (Olea europea L.) represent an important horticultural crop in regions with a Mediterranean climate, where they have become of high relevance from both social, economic and ecological perspectives. Due to the rising demand for olive oil, new high-and superhigh-density irrigated plantations are spreading in traditional and new growing areas. This shift towards intensification has fostered research on the water relations of olives and their response to irrigation (e.g., Gimenez et al. 1996 , Moriana et al. 2003 , Tognetti et al. 2004 , Iniesta et al. 2009 ) and has even led to the development of breeding programmes aimed to produce new cultivars with improved suitability for the new olive cropping systems (e.g., Rallo et al. 2008) . Despite abundant literature on water topics, no dedicated study has yet tested for the occurrence of stomatal oscillations in olive trees. However, a work by Fernandez et al. (2011) incidentally reported some oscillatory patterns using the leaf patch clamp pressure probe, albeit a proper characterization of the observed fluctuations was not performed. In addition, the olive tree is considered a species with low xylem hydraulic conductance (Lo Gullo and Salleo 1988) and either low capacitance or water storage capacity (Nadler and Tyree 2008) , traits that theoretically favour the development of oscillations (Cowan 1972) . All the latter supports our initial hypothesis that olive trees might be prone to the occurrence of the phenomenon under some conditions. The aim of this study is to thoroughly assess the occurrence of oscillations in olive trees, exploring both the effects of water deficits, tree characteristics and other factors on oscillations, and the synchrony among trees, and the practical implications for research and measurement protocols.
Materials and methods
Three experiments were performed with young (3-4 years old) olive trees in the Institute for Sustainable Agriculture (IAS-CSIC), Córdoba, Spain (37.8°N, 4.8°W, 110 m altitude) during 2011 , 2014 and 2015 In addition, sap flow data from an additional experiment (Experiment 4) with larger trees in a commercial orchard were also analysed. The naming of the trees for the different experiments is included in Table 1 .
Experiment 1
Experiment 1 aimed to test for the occurrence of oscillations in well-watered olive trees and to assess the variability in oscillating behaviour between plants. Four 4-year-old olive cv. 'Picual' trees growing in 50 l pots filled with a mixture of sand, silt and peat moss were used. Irrigation was applied daily using two emitters per pot with a discharge rate of 2 l h −1 and the timing was adjusted to avoid excessive drainage but ensuring a soil water content close to field capacity. The experiment took place between day of year (DOY) 174 and DOY 257 of 2011 (23 June-14 September 2011) . Throughout this period, sap flow was monitored at 5 min intervals in all the trees (a more detailed description about the system used for sap flow measurements is given below). Each tree trunk was equipped with one sap flow sensor at 20 cm above the pot substrate. Sap flow records were calibrated by gravimetric water balance. Calibration coefficients were deduced for each tree after comparing the daily estimates of sap flow with the daily changes in mass of the pots obtained from a ±1 g precision scale (model Kern DSK150, Kern & Sohn GmbH, Balingen, Germany) and the volumes of water applied to the trees at the beginning of the experiment. Thermal blankets were attached to the trunk covering the sensors and the pot substrate in order to prevent soil evaporation and to protect sensors from direct radiation. At the end of the experiment, the dry biomass of leaves and fruits were obtained for each plant. To do so, the fresh biomass of each organ was weighed and subsamples were collected and dried in an oven at 60°C for 4 days. Prior to this, leaf area was measured in the subsample of leaves using a leaf area metre (LI-3100 Area Meter, Licor Inc., Lincoln, NE, USA). In doing so, it was possible to estimate the plant leaf area (PLA) of each tree. Mass measurements were performed with a ±0.1 g precision balance (FCB8K0.1, Kern & Sohn GmbH, Balingen, Germany).
Experiment 2
The goal of Experiment 2 was to evaluate the effects of a sudden severe water deficit on the oscillating behaviour. Four 3-year-old olive cv. 'Picual' trees growing in 50 l pots filled with a mixture of sand, silt and peat moss were used. The experiment was performed in 2015 from DOY 209 to DOY 218 (28 July-6 August 2015). Each tree was irrigated using two emitters per pot with a discharge rate of 8 l h . The day before the start of the experiment, an extra volume of water was applied to ensure that the whole soil volume was saturated. A period of severe water stress was induced by withholding irrigation during the days between DOY 210 and either DOY 212 (for trees B3 and B4) and DOY 213 (for trees B1 and B2).
Throughout the experiment, transpiration was recorded in each tree every 5 min using calibrated values of sap flow. One sap flow probe per tree was installed at 20 cm height above the pot substrate. Calibration coefficients for each sensor were derived from mass balance calculations during the recovery period (DOY 214-218) using the changes in mass of the pots obtained from a ±1 g precision scale (model Kern DSK150, Kern & Sohn GmbH) and the volumes of water applied to the trees.
Leaf stomatal conductance and water potential measurements were also performed some of the days of the experiment. In each tree, stomatal conductance was determined with a frequency of 15 min from 10:00 to 12:00 h GMT in four selected sun-exposed leaves, using a steady-state porometer (PMR-4 Steady State Porometer, PP-Systems, Amesbury, MA, USA). In each measurement, two of the four leaves were picked out, computing the stomatal conductance as the average of the two values obtained. Simultaneously, leaf water potential was determined on sun-exposed shoots (with one to three pairs of leaves attached) using a Scholander pressure chamber (Soil Moisture Equipment Corp., Santa Barbara, CA, USA). Table 1 . Mean oscillation interval (OI) estimated for each tree for each of the four experiments. Also shown are periods for which measurements were performed (MP), the number of days with clear sky selected for the analysis of oscillation intervals (CSD) and the number of days for which a significant peak was found in the power spectrum (SPW). In Experiment 2, all trees were exposed to a severe water stress. In addition, trees D1, D2, D3 and D4 in Experiment 3 and trees F3 and F4 in Experiment 4 were subjected to deficit irrigation; 3-4 year old potted trees were used in Experiments 1-3 and field-grown trees planted in 2005 were studied in Experiment 4. Tree Physiology Online at http://www.treephys.oxfordjournals.org
Experiment
At the end of the experiment, leaf area and root biomass were measured for each tree. Leaves were manually removed and the area was measured using a leaf area metre (LI-3100 Area Meter, Licor Inc.). On the other hand, root biomass for each tree was derived as follows. First, the soil substrates with the roots were extracted from the pots, tree collars were removed and the mixture of soil substrate and roots weighed. Then, a subsample of soil substrate and roots were collected and weighed. The subsamples were then washed on a 1 mm mesh sieve to remove the soil substrate and the roots obtained were dried in an oven at 60°C for 3 days after which they were weighed in a four decimal precision balance (model AV104, Mettler Toledo, Greifensee, Switzerland). The total root biomasses of the pots were derived from the relations of soil substrate/roots obtained from the subsamples.
Experiment 3
Experiment 3 was devoted to analysing the impacts of a sustained moderate water deficit on oscillations of sap flow in relation to well-watered conditions, and it was performed from DOY 200 to DOY 289 (19 July-16 October) in 2014. Four-years-old olive cv. 'Picual' trees planted on 50 l pots were used. The substrate was a mixture of sand, peat and loamy soil (2:2:1) with 2 g l −1 of a complex slow-release fertilizer. Fruits were removed manually at the start of the experiment. Eight trees were instrumented with sap flow sensors (one per tree at 20 cm height) and two treatments (well-irrigated Control and Deficit irrigation) with four repetitions (i.e., trees) each were applied. Irrigation of the Control treatment was scheduled to meet 130% of the actual evapotranspiration (measured by weighing the pots every week), while the Deficit treatment received only 30% of the dose supplied to the Control. Irrespective of the treatment, water was applied with two 4 l h −1 emitters. Irrigation was applied in the morning (10:00 h GMT) until DOY 208, in the afternoon (17:00 h GMT) from DOY 209 to 226, and in the morning after DOY 227 (8:00 h for Deficit, and 9:30 h for Control). On DOY 246 (3 September 2014), measurements of stem diameter, leaf photosynthesis and leaf stomatal conductance were performed at 1 min intervals in a Control tree from 14:50 to 16:30 h GMT. Photosynthesis and stomatal conductance were measured with a portable photosynthesis analyser (CIRAS-2, PP-Systems). The cuvette of the analyser was fixed to a leaf and the device was programmed in continuous mode. Stem diameter was measured using one linear variable differential transducer dendrometer (LVDT, model DF 2.5, Solartron Metrology, West Sussex, UK) mounted in a holder built of aluminium and 'INVAR' alloy. The dendrometer was installed in the trunk, 5 cm above the sap flow sensors.
Experiment 4
The goal of Experiment 4 was to test for the occurrence of oscillations in mature field olive trees and was conducted in a hedgerow olive orchard located in 'La Harina' farm, Córdoba, Spain (37.8°N, 4.8°W, 170 m altitude) during three consecutive irrigation seasons (2011, 2012 and 2013) . Trees were planted on 2005 at a 4 × 1.5 m spacing (~1667 trees ha
) over a Vertisol soil with a depth around 0.7 m. Irrigation was supplied by three 2.2 l h −1 drippers per tree. Two irrigation treatments were applied to plots of 40 trees in four adjacent rows:
-Control irrigation: Irrigation needs were estimated as the difference between evapotranspiration (ET) and rainfall, computing ET as the product of reference ET (ET 0 ) and a crop coefficient, which was set to 0.75, a value high enough to ensure a good tree water status as subsequently confirmed by leaf water potential measurements conducted along the irrigation season with a pressure chamber (Soil Moisture Equipment Corp.). -Deficit irrigation: Each year, irrigation amounts for this treatment were exactly the same as those of the Control except for a midsummer period (typically July-August) when the dose was lower and applied once or twice a week. The irrigation supplied during the deficit period was 50% of the Control in 2011 and 2012, and 25% in 2013.
Two trees per irrigation treatment were equipped with one sap flow probe each at 50 cm height from the soil. Data were collected at 15 min intervals throughout the three irrigation seasons and sap flow rates were calibrated using the model of Villalobos et al. (2013) . Further information on tree characteristics, irrigation management and the calibration procedure can be found in López-Bernal et al. (2015) .
Measurement of sap flow
In the four experiments, tree sap flow was measured using a system designed and manufactured at the IAS-CSIC laboratory in Córdoba ) based on the Compensation Heat Pulse technique. Sensors consist of a 4.8 W stainless steel heater of 2 mm diameter and two temperature sensors, also in 2 mm stainless steel needle casings. The temperaturesensing needles were inserted 10 and 5 mm down-and upstream of the heater, respectively. Each temperature probe has two (four in Experiment 4) embedded Type E (chromel-constantan) thermocouple junctions, spaced 10 mm along the needle, to measure at different depths in the xylem. The probes were controlled and logged using a multiplexer (AM16/32, Campbell Scientific Inc.) and a datalogger (CR1000, Campbell Scientific Inc.). Heat-pulse velocities were corrected for wounding reactions (Green et al. 2003 ) and sap flow rate was obtained integrating the estimated sap flux densities across the radius. More details on the measurement protocol can be found in Testi and Villalobos (2009) .
Data analysis: frequency and amplitude of oscillations
The sap flow data of each tree was smoothed using the Savitzky and Golay (1964) filter. Then, the deviations from the smoothed Tree Physiology Volume 38, 2018 signal were analysed using the Fast-Fourier transform to calculate the power spectrum (which represents the amount of variance contributed to the data by each frequency) and detect the main frequencies. Examples of power spectrums determined for two trees differing in oscillatory behaviour are depicted in Figure 1B . The significance of peaks in the spectrum was analysed according to Fisher (1929) for a significance level of 0.01. Only significant values were used for evaluating the typical frequency of oscillations. As a final remark, the period of oscillations was only assessed for days with clear skies to prevent the interference associated with varying cloudiness. To do so, analyses were restricted to those days with solar radiation values greater than 95% of the potential (i.e., extraterrestrial) radiation, which was calculated as a function of the latitude and the date (according to Villalobos et al. 2016) .
The amplitude of oscillations (A) was calculated for hourly periods as:
where n is the number of data in 1 h (e.g., n = 12 for 5 min intervals), x i is the tree sap flow and x si is the smoothed sap flow. This equation is based on the assumption that oscillations follow a pure sine function, so that the mean value of the function in half a period is equal to the amplitude multiplied by 2 π −1 . Finally, the amplitude was expressed in relative terms by dividing A by the mean value of sap flow during the hour and daily values were calculated as the average of the hourly relative amplitudes within the daytime.
Effect of sampling interval on errors in daily estimates of sap flow
The daily integral of sap flow was calculated for each tree in Experiment 3 assuming sampling intervals of 15, 30 and 60 min. Irrespective of the interval, the first considered measurement was always the one corresponding to midnight (00:00 h GMT). The error was computed as the difference between the daily integral and that obtained with 5 min sampling intervals.
Synchrony between trees
The degree of synchrony among trees was evaluated in Experiment 3 by calculating the coefficient of determination of the deviations of sap flow during the daytime between all possible pairs of trees in each experiment. The complete Experiment 3 dataset was used without restricting the analysis to sunny days.
Results

Experiment 1
Typical summer conditions prevailed during the experiment with reference evapotranspiration (ET 0 ) ranging between 5 and 7.2 mm day −1 until the end of August, when it decreased to values between 2 and 5 mm day −1
. Average daily transpiration during the experiment from (DOY 174 to DOY 257) was 3.89, 4.34, 5.66 and 4.13 l tree −1 , for trees A1 to A4, respectively.
Plant leaf area (PLA) at the end of the experiment was 3.16, 3.11, 3.71 and 3.54 m 2 , again for trees A1-A4, respectively.
Strong oscillations in sap flow were observed throughout the experiment, but there were important differences between trees. This fact is exemplified in Figure 1A , where the measured patterns of sap flow for trees A2 and A4 in a clear summer day (DOY 236) are presented. Despite total sap flow being similar for both trees (4.39 l versus 4.44 l for A2 and A4, respectively), tree A4 exhibited marked oscillations whereas oscillatory patterns were missing for tree A2. Figure 1B presents the power spectrums corresponding to that day. There was a distinct peak for tree A4 around 55 min concentrating most of the variance, whereas a predominant peak was absent for tree A2. The calculated relative amplitudes for this day resulted 0.03 and 0.23 for trees A2 and A4, respectively.
The tendency of tree A2 to show negligible oscillations was not restricted to DOY 236, as evidenced by its systematically low estimated relative amplitudes (rarely exceeding 0.05) in relation to those calculated for the other individuals (Figure 2) . Apart from that, the relative amplitude of oscillations was Tree Physiology Online at http://www.treephys.oxfordjournals.org generally reduced by the end of the experiment, when evaporative demand was lower. Oscillations showed a significant peak in most of the clear sky days of the experiment even for the tree that showed the smallest amplitudes (i.e., tree A2) ( Table 1) . The mean period of oscillations throughout the experiment varied from 28.9 (tree A3) to 47.3 min (tree A4) ( Table 1) .
Experiment 2
This experiment was performed under typical summer conditions, with ET 0 ranging between 5.6 and 7.4 mm day −1
. Plant leaf area (PLA) at the end of the experiment was 1.13, 0.98, 1.65 and 1.23 m 2 for trees B1-B4, respectively. Considering the four trees, total daily sap flow averaged 3.7 l day −1 on DOY 210 (before water stress) and 3.6 l day −1 on DOY 218 (at the end of the recovery period). At the end of the water deficit period, total daily sap flow was as low as 0.23 and 0.17 l day −1 for trees B1 and B2, respectively, which suffered one more day without irrigation than the other trees. The four trees showed strong oscillations until DOY 210 (the first day on which no irrigation was applied), with the trees showing the typical sine wave patterns of oscillations. As an example, sap flow data of trees B1 and B2 are shown in Figure 3 . The two trees had almost the same sap flow rate until 9:00 h. After that, oscillations became evident, with increasing amplitude for tree B1 while tree B2 showed a small amplitude until 12:00 h and much larger amplitude later in the afternoon. The oscillation intervals were 36 and 29 min for trees B1 and B2, respectively. As a consequence, the two trees were almost synchronized during some periods (e.g., from 14:00 to 15:00 h) and were in counter phase during others (e.g., around 12:00 h).
During the experiment, the trees underwent considerable variations in water status. Mean midday water potential for the four trees (for each tree, water potential was calculated as the average of all the determinations within the period of measurements to reduce the bias generated by oscillations) was −1.31 MPa on DOY 209, the last day before withholding irrigation, and then dropped to −1.69 MPa on DOY 210 and −3.03 MPa on DOY 212. By DOY 217, mean water potential had recovered to −1.69 MPa. Oscillations in transpiration either were suppressed or their relative amplitudes were negligible after DOY 210 and during the water deficit period. During the recovery period, total daily sap flow recovered gradually, with oscillations following a similar trend: in most cases it took some days after the re-start of irrigation for them to re-appear. Figure 4 illustrates the time courses of sap flow for tree B3 on three days: DOY 210 (the first day for which irrigation was interrupted), on DOY 211 (during the water deprivation period) and on DOY 217 (at the end of the recovery period). The oscillation interval was 29 min both before and after the water deprivation period. For DOY 211, the power spectrum did not show any significant peak.
In relation to those of sap flow, the relative amplitude of leaf stomatal conductance oscillations was always higher (Table 2 ). No irrigation was applied between DOY 210 and DOY 2012. In the days preceding and following this period, trees were irrigated abundantly.
The same trend was observed for water potential, whose oscillations showed intermediate relative amplitudes to those of stomatal conductance and sap flow, as a general rule (Table 2) . Albeit the differences in water status between DOY 209 and DOY 210 were not very marked (mean water potential from 10:00 to 12:00 h resulted −1.28 and −1.63 MPa for DOY 209 and 210, respectively), the amplitude of oscillations was generally lower for the later day (Table 2) .
Experiment 3
Again the typical weather conditions of Córdoba were present during the experiment, with ET 0 in the range between 5 and 7 mm day ) for Control and Deficit trees, respectively, at the end.
Oscillations in sap flow were observed during almost the whole experiment for both well-irrigated and water-stressed trees. The effect of deficit irrigation on oscillations was unclear: oscillations were attenuated or even suppressed for many days but in some cases they were clearly more marked than in Control trees ( Figure 5 ). In general, relative amplitude was high at the start of the experiment, especially for the Control (Figure 6A) , peaked during the period from DOY 230 to 240 and decreased (or became negligible) by the end of the experiment for both treatments, coinciding with the decrease in ET 0 . Mean relative amplitudes ranged from 0.03 to 0.75 in the Control ( Figure 6A ) and from 0.03 to 1.00 in the Deficit treatment ( Figure 6B) , with similar averages for both treatments. Within each treatment, large differences were observed between trees. For instance, tree C4 showed the lowest relative amplitudes (rarely exceeding 0.2) and tree C2, the highest (usually above 0.2 and up to 0.76) ( Figure 6A ). In the Deficit treatment the ranking was not that clear, as all the trees had the largest relative amplitudes on different days ( Figure 6B ). On the other hand, the frequency of oscillations also presented high variability between trees, and was, on average, slightly higher for the Control treatment (Table 1 ). Figure 7 illustrates that oscillations occurred simultaneously not only for sap flow or leaf stomatal conductance, but also for leaf net photosynthesis and stem diameter. Measurements con- ). The amplitude of oscillations in net photosynthesis was variable, ranging between 4.5 mmol m −2 s −1 and slightly negative values coinciding with the troughs of stomatal conductance. The oscillations in stomatal conductance and sap flow were almost completely in phase and lagged those of photosynthesis by 3-6 min. Tree Physiology Online at http://www.treephys.oxfordjournals.org
On the other hand, oscillations in stem diameter were practically in counter phase in relation to those of sap flow and stomatal conductance. Under clear sky conditions the trees were not well synchronized in general, as evaluated by the mean coefficient of determination of sap flow between pairs of trees. Nevertheless, the degree of synchrony increased under cloudy skies as shown in Figure 8 . Thus, the mean coefficient of determination was 0.32 for both Control and Deficit trees under clear skies when solar radiation was greater than 95% of its potential value and 0.78 and or 0.75 for Control and Deficit trees, respectively, when radiation was lower than 90% of the potential value.
Insight into the errors in daily sap flow estimates associated to different sampling intervals during Experiment 3 is provided in Table 3 . As expected, the higher the sampling interval, the higher the errors in the determination of total daily sap flow. Using 60 min intervals, daily estimates occasionally showed errors as large as 20%, whereas a sampling interval of 30 min led to errors up to 15%. Errors rarely exceeded 5% for a 15 min sampling interval.
Experiment 4
During the three irrigation seasons, oscillations were statistically significant for only a small number of days each year, this number being always below 15% of the days with clear skies, irrespective of the year and the tree (Table 1) . For those days, the mean period of oscillations varied from 48 to 66 min, but the relative amplitude was very small (typically below 0.05, Table 4 ).
Discussion
Sustained cyclic oscillations in sap flow occurred in the four experiments. This study is the first to show oscillations in sap flow of olives. Fernandez et al. (2011) reported oscillations of leaf patch clamp pressure probe measurements in a superintensive olive orchard with mean interval of only 17 min, but did not show any test of significance nor show oscillations in sap flow or related variables. In our experiments, marked oscillations with rather variable relative amplitudes (from 0 to 1) and periods (usually between 30 and 60 min, albeit higher and lower values were also observed in some cases) were found. Oscillation amplitudes and periods in the same ranges as those found in this study have been reported for other plant and tree species (Barrs 1971 , Steppe et al. 2006 .
One of the goals of this work was to assess the influence of some environmental conditions (i.e., wind speed, evaporative demand, plant characteristics and growing conditions, water status) on the occurrence of oscillations. Apart from a clear impact of tree size (Experiments 1-3 versus Experiment 4), we had limited success in this regard, partly because the effect of other factors was obscured by the huge variability in the oscillating patterns between trees, even when the plants had similar characteristics and the same management (e.g., Figures 1 and 2 ). This result is in agreement with Hopmans (1971) , who using Phaseolus vulgaris, also reached the conclusion that very uniform plant material in the same environment can vary greatly in their oscillatory behaviour. These facts suggest that the development and magnitude of oscillations is heavily dependent on intrinsic hydraulic plant characteristics. Unfortunately, the available body of evidence does not enable us to identify all the plant traits involved in the oscillatory patterns. Future research should shed some light on this aspect. Below, we will leave aside the variability between trees issue and will discuss how the aforementioned factors might have affected the occurrence or the amplitude of oscillations in our experiments. Clear effects on the oscillation interval were neither evident nor analysed (Table 1) . In this regard, it was not possible to assign statistical significance to the values presented in Table 1 (as the means were calculated only for days when oscillations were significant according to the test of Fisher (1929) , and such number of days differed between trees).
Effects of meteorological drivers
Available evidence suggests that the development of oscillations is favoured under high environmental gain conditions (Cowan 1972) . According to Eq. (1), both wind speed (through its impact on the boundary layer conductance) and vapour pressure deficit are very likely to play a role in the occurrence of oscillations. Figure 9 presents the relationships between the relative amplitude of oscillations found for well-irrigated trees with marked oscillating patterns in Experiments 1 and 3 and daytime values of either wind speed or vapour pressure deficit under clear sky days. A lack of correlation was found for wind speed ( Figure 9A ), while the determination coefficient in Figure 9B indicated that only 12.3% of the variability in relative amplitudes could be ascribed to variations in vapour pressure deficit. However, Figure 9B evidences that oscillations with high amplitude do not appear under low vapour pressure deficits. In this respect, relative amplitudes of oscillations never exceeded 0.2 below vapour pressure deficit values of 2 kPa. This fact is in consonance with the model of Cowan (1972) and experimental observations Cowan 1974, Kitano and Eguchi 1992) and evidences that moderate or high evaporative demand conditions are a prerequisite for the development of stomatal oscillations.
Effects of tree size
Marked oscillations in sap flow were usually found in most of the young potted trees monitored in Experiments 1, 2 and 3 (e.g., Figures 2 and 6 ). By contrast, the fluctuations in the large fieldgrown olives of Experiment 4 were practically negligible (Table 4 ). In the following we provide possible explanations for this fact.
There is a body of evidence highlighting that oscillatory behaviours are more likely when potential transpiration and plant hydraulic resistance are high (Barrs and Klepper 1968, Cowan 1972) . Therefore, for a given evaporative demand, large PLA and low effective root volume should induce the appearance of was expected for the field trees in Experiment 4 (or even lower, as root growth might well occur outside the wet bulbs). These calculations suggest that the higher occurrence of oscillations in young potted trees might be due to a higher hydraulic soil-toatmosphere resistance in relation to large field trees, which would be in consonance with past experimental evidence and the model of Cowan (1972) . However, the differential oscillatory behaviour between young potted and large field-grown trees might also be related to differences in the water path length and in the variability of the radiation incoming to leaves. A small tree has a larger ratio of sunlit leaves that are connected by shorter paths within the tree, whereas larger trees have a large fraction of shaded leaves and the distribution of water by the different branches reduces the hydraulic synchronization of the different shoots (López-Bernal et al. 2010) . Therefore, we hypothesize that leaves will tend to have a more similar water status in smaller trees, making possible that the whole tree acts as a coordinated system in terms of regulation of water status. By contrast, the wider range of water status between leaves within a large olive crown could prevent the oscillatory patterns, at least at the whole-tree level. This hypothesis does not necessarily exclude the existence of oscillations at the leaf or branch scale, as far as the composite of multiple non-synchronized oscillating elements could result in a rather smoothed time course of transpiration or sap flow at the whole-tree level. Under these circumstances, the reliability of infrequent leaf-level measurements (of e.g., stomatal conductance or net photosynthesis) are to be challenged by the oscillatory patterns. Given the paramount practical implications of the issue, further research is required to provide a foundation for validating or rejecting this speculation.
Effects of water deficits
Water stress played an unclear role for the development of oscillations in our experiments. The severe water stress imposed in Experiment 2 led to the disappearance of the oscillatory behaviour (Figure 4) . Occasionally, oscillations were also attenuated for the milder water stress applied to Deficit treatment in Experiment 3 ( Figure 5A ), but these observations were more the exception rather than the rule. In general, similar relative amplitudes to those estimated for well-irrigated Control trees were found (Figure 6 ). Moreover, in some cases, the relative amplitudes were even higher for the Deficit trees ( Figure 5B ).
Water deficit conditions increase the hydraulic resistance to water flow. According to the model of Cowan (1972) , this circumstance should enhance the development of oscillations. However, the disappearance or attenuation (Figures 4 and 5A ) of the oscillations under severe to moderate water stress goes against this hypothesis. On the other hand, stomatal oscillations are thought to result from instability caused by the occurrence of Figure 9 . Relationships between relative amplitude of oscillations in sap flow and daytime wind speed (A) or vapour pressure deficit (B). Amplitude data were taken from Experiments 1 and 3, selecting only five well-irrigated trees with marked oscillating patterns. In addition, values shown correspond only to days with clear skies (i.e., data from days with solar radiation lower than 95% of its potential value were excluded).
positive and negative feedback responses. It is likely that water stress conditions make the negative feedbacks prevail over the positive ones, damping oscillations.
Oscillations in stomatal conductance, net photosynthesis and stem diameter
Our experiments show that oscillations in sap flow are accompanied by oscillations in other water status-related variables measured at the leaf-level (i.e., stomatal conductance (Table 2 , Figure 7 ), water potential (Table 2 ) and net photosynthesis (Figure 7) ) and even in trunk diameter (Figure 7) . The amplitude of oscillations in conductance was always higher than that of sap flow. This was in agreement with the observations by Steppe et al. (2006) in orange trees and indicates that tree water storage buffers variations in sap flow when large oscillations in stomatal conductance occur. The occurrence of oscillations in stem diameter (Figure 7 ) might have practical implications for the use of dendrometers for determining plant water status. In this regard, the daily fluctuations in trunk diameter (i.e., maximum daily shrinkage) have been proposed as an index of water stress for some trees Goldhammer 2003, Fernández and Cuevas 2010) , but oscillations should increase the noise and thus reduce the reliability of this indicator. Apart from that, the occurrence of oscillations in stem diameter are to be related to changes in plant water status, which confirms the hydraulic regulation of stomatal oscillations.
Synchrony among trees and methodological implications
We have reported data showing that, even for similar individuals exposed to the same environmental conditions and management, synchrony in the oscillatory patterns may happen during some time and then break completely, leading to individuals oscillating in opposite patterns (Figure 3 ). The lack of coordination among trees (Figure 8 ) implies that a couple of trees with the same average sap flow may differ in the instantaneous values up to twice the amplitude of the oscillation. Hence, reliable differences between trees below twice the oscillation amplitude would be impossible to detect by single measurements (e.g., at noon). As an example, two trees with identical total daily transpiration, characteristics and management showing oscillations with a relative amplitude of oscillations of 0.2 may yield instantaneous differences in sap flow rates up to 40%. The results of this study suggest that the occurrence of oscillations challenge the comparability of instantaneous measurements of stomatal conductance, transpiration, water potential and leaf temperature between trees, which may have practical implications for physiological experiments and breeding programmes measuring any of these variables. This is clearly illustrated in Figure 5B , where a tree experiencing a moderate water deficit is exhibiting equal or even higher rates of sap flow for some moments of the day in relation to a well-irrigated tree of similar characteristics, despite the fact that the total daily sap flow is clearly lower for the former. With regard to the impact of oscillations on discrete measurements of stomatal conductance, experimental errors are expected to be even higher than those of sap flow due to the higher amplitude of stomatal oscillations (Table 2, Figure 7 ). In fact, the relative amplitudes of sap flow oscillations reported in this study are useful to assess the minimum errors to be expected when comparing instantaneous measurements of stomatal conductance for different olive trees.
The only solution for measuring variables related to stomatal conductance when oscillation takes place consist of reducing the sampling interval below half the oscillation period. Although it was very variable, the period of oscillations was typically above 30 min in our experiments, which suggest that the maximum sampling interval should not be above 15 min. According to Table 3 , using a measurement interval of 15 min in Experiment 3 would have led to errors below 5% in the estimates of total daily sap flow, in relation to the actual 5 min sampling interval used. Short intervals can be implemented for infrared temperature and sap flow measurements with the only drawback of larger data storage and power consumption. However, performing such high frequency measurements of stomatal conductance, leaf photosynthesis or leaf water potential remains a challenging task, so they should be discarded if oscillations exist or performed only for conditions when oscillations are less common (early morning or low evaporative demand).
In the case of mature field trees, oscillations in sap flow were practically negligible (Table 4 ) and so errors in sap flow estimates associated to low frequent measurements are also expected to be of minor importance. However, if, as speculated before, oscillations occur at the leaf or branch level, the reliability of low frequency determinations of leaf stomatal conductance, net photosynthesis or even perhaps infrared temperature should be challenged even in mature, field-planted trees. Considering that much of the irrigation and water relations research in olive relies on these low frequency measurements, the need for further research to improve protocols of these discontinuous measurements seems highly desirable.
The strong oscillations found in our experiments suggest that steady-state conditions assumed in transpiration models (e.g., García-Tejera et al. 2016 ) are rarer than previously thought in young olive trees. However, a more mechanistic model capable of reproducing oscillations should incorporate a much finer description of stomatal behaviour as well as an explicit simulation of water status for the different organs of the plant and the water flows between them, which would require the use of very short time steps. The implementation and parameterization of a model of such characteristics remains a tremendous challenge.
